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Isolation and Characterization of 70-Retaining
Transcription Elongation Complexes
from Escherichia coli
biochemical procedure to rapidly and gently separate
EC from all protein contaminants. As outlined in the
schematic in Figure 1A, the 70 holoenzyme was allowed
to initiate on a linear DNA fragment containing the A1
promoter of bacteriophage T7. The template was pro-
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vided in ten-fold molar excess to the holoenzyme to
assure that no more than one RNAP molecule bindsSummary
to a single DNA molecule. Reaction components were
added such that elongating RNAP would stall at position70 subunit is thought to be released from the core
RNA polymerase (RNAP) upon the transition from initi- 32 (EC32) relative to the RNA 5 terminus. A 3-end
biotinylated DNA oligonucleotide complementary to theation to elongation or shortly afterward. Here, we iden-
tify a population of RNAP from E. coli that retains 70 initial transcribed region was annealed to the nascent
RNA to provide us with an affinity tag for EC32. Thisthroughout elongation. The relative amount of this
population appears to depend on cellular growth and technique requires that an RNA transcript of the appro-
priate size be present for immobilization, and thus, thisreaches its maximum during the stationary phase. The
proportion of70-retaining elongation complexes (EC-70) purification approach permitted us to wash away any
of the uninitiated binary complexes, ternary complexesis invariant with various promoters or distances from
the transcription start site. EC-70 responds to pauses, carrying shorter RNA products, or free protein that could
perturb our analysis. ECs immobilized through RNA canintrinsic terminators, and the elongation factor NusA
similarly to EC without 70. However, EC-70 has a be walked along the template and respond to termina-
tion signals (Figure 1B) similar to EC immobilizedsubstantially higher ability to support multiple rounds
of transcription at certain promoters, suggesting its through the protein or DNA. After EC32 was immobilized
and washed in the transcription buffer (TB) (150 mMprofound role in gene expression and regulation in
bacteria. potassium glutamate [KGlu], 10 mM MgGlu, 25 mM
HEPES [pH 8.0], and 0.1 mg/ml BSA), we added an RNA
nuclease to cleave the tether and release EC32 intoIntroduction
solution. A quantitative Western blot was performed to
assess the stoichiometry of , , and  in solubilizedAssociation of one of several types of  subunits with
the core RNAP (subunit composition: 2) in bacteria fractions (Figure 1C). Results demonstrate that a sub-
stantial amount of 70 was not released from the elonga-forms a holoenzyme which is capable of initiating tran-
scription from a subset of promoter sequences (Gross tion complex (Figure 1C, lane 2). We designate these
complexes EC-70. Experiments performed in the ab-et al. 1992; Helmann and Chamberlin, 1988). During the
exponential phase of growth, the 70 subunit from E. coli sence of oligo or those performed in the absence of
NTPs did not recover any detectable RNAP subunit (Fig-and its homologs from other bacteria are the primary
initiation factors responsible for transcription of house- ure 1C, lanes 3, 6, 9, 10, and 11). Additionally, to insure
that the 70 retention was not a byproduct of nonspecifickeeping genes (Gross et al. 1998). The general model
of bacterial transcription postulates that 70 and other interaction of 70 with DNA, RNA, or core RNAP, we
performed controls where excess of core RNAP andsigma factors release during the transition from initiation
to elongation (Burgess, 1971; Hansen and McClure, DNA were added to EC32 prior to washing and releasing
(Figure 1C, lane 8). To exclude the possibility of nonspe-1980; Shimamoto et al., 1986; Stackhouse et al., 1989).
The “sigma cycle” has been proposed where, upon the cific interactions of 70 with the avidin beads or oligo,
which is released upon addition of RNase, we applied release, the elongation factor NusA interacts with
RNAP to effect the elongation and termination pro- pure 70 to the beads bound with oligo and processed
the sample in an identical manner (lane 11). The abovecesses (Greenblatt and Li, 1981; Schmidt and Chamber-
lin, 1984; Gill et al., 1991). Upon termination, NusA disso- controls taken together confirm the existence of EC-70.
Remarkably, the holoenzyme purified from cells har-ciates from the core RNAP and allows  to reassociate
and reinitiate transcription. Although the sigma cycle vested at an early exponential phase of growth pro-
duced about 4- to 5-fold less EC-70 than the holoen-has served as a paradigm for about three decades, an
accurate quantification of  release has not been per- zyme purified from the stationary overnight cultures
(Figures 1C and 1D). This observation demonstrates aformed nor have the mechanistic details that underlie
this process been uncovered. selective retention of 70 that depends on the cellular
growth phase and also serves as an internal control for
the specificity of our assay.Results
Retention of 70 in Elongation Contact between 70 and Nascent RNA
To estimate precisely the amount of 70 that is released To verify the presence of 70 in elongation, we designed
from the elongation complex (EC), we developed a novel an independent approach that utilizes photocross-link-
ing analogs of UTP, 5-(p-azidotetrafluoro)benzamino-
allil-UTP (AzUTP) and 4-thio-UTP (sU), incorporated into1Correspondence: evgeny.nudler@med.nyu.edu
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theC-terminal histidine tag (his). During the “walking”
reaction with the his enzyme, AzU or sU were incorpo-
rated at position 21 and the complex was then walked
along DNA so that the cross-linking reagent appeared
at various nucleotide (nt) distances from the RNA 3 end.
RNA was 32P labeled near the 30 (Figure 2A, left panel)
or 43 (Figure 2A, right panel) positions. The final ECs
were exposed to UV light to induce cross-linking, dena-
tured, and loaded onto both SDS and sequencing PAGE.
The absence of shorter transcripts (Figure 2A, right lower
panel) reflects the purity of ECs and verifies that the
cross-linking could only have occurred from the desired
positions (43, 50, 54, and61). The same was true
for the cross-links at 30 and 38 (data not shown).
Figure 2A demonstrates that an 70 kDa polypeptide
band labeled by RNA cross-linking appeared as the re-
agent was translocated 22 to 29 nt away from the cata-
lytic center. At shorter or longer distances, no such
cross-linking was detected, which also argues that
cross-linking was EC specific. The derivatized “70” pro-
tein (from Figure 2A, left panel) was recovered and sub-
jected to limited degradation with cyanogen bromide
(CNBr) to map the cross-linking site (Nudler et al., 1998)
and verify the identity of the protein. A characteristic
pattern of nested fragments belonging to 70 was ob-
served (Figure 2B) and the cross-link was localized to
the C-terminal 47 residues of 70.
Isolation and Characterization of EC-70
In order to determine whether the EC-70 displayed dif-
ferent elongation properties from “normal” EC, we de-
signed an experimental procedure that permits purifyingFigure 1. Quantification of the 70 Release from EC
EC-70. We reasoned that RNAP that initiated with a his-(A) EC purification scheme. EC32 was formed in solution followed
tagged 70 and still retained it upon the transition toby annealing of the complementary 3-biotinylated DNA oligo to its
elongation would allow an immobilization of EC on Ni2nascent transcript. Avidin beads were added to the reaction fol-
lowed by washing with TB and ribonucelase A (RNase) treatment. beads and provide an independent quantitative assess-
Supernatant was loaded onto 4%–12% SDS PAGE. The gel was ment of EC-70. Figure 3A shows EC20 that was obtained
transferred onto nitrocellulose and antibodies against , , and  and immobilized with his holoenzyme or N-terminal 70
were employed. his-tagged (70his) holoenzyme. By comparing the amount(B) RNA products from the transcription reaction with EC32 prepared
of labeled 20 nt transcripts generated by each of theas in (A). The washed EC32 in TB (lane 1) was walked one step to
respective enzymes in solution to the amount that wasthe position 33 (lane 2) or chased with 1 mM NTPs (lane 3). tR2
stands for the termination product. retained on Ni2 beads, we were able to determine the
(C) Western blotting. The panel shows antibody stained RNAP sub- percentage of EC20 that retain 70. Approximately 30%
units. Samples were prepared using the holoenzyme isolated from of EC20-70his was recovered (Figure 3A, lane 10), which
the E. coli culture harvested at stationary phase (S) (lanes 1–3 and is consistent with results of Figure 1. Recovery of EC-707–9) or exponential phase (E) (lanes 4–6). Lanes 2, 3, 5, 6, 7, and 8
was not significantly affected if an excess of DNA, NusA,show the supernatant fractions of RNase-treated EC32. EC32 was
RNAP core, or 200 mM KCl were added for ten minutesprepared with or without the biotinylated oligo (B-oligo). Without
B-oligo, EC32 could not be recovered as evident from corresponding prior to the immobilization step (Figure 3, lanes 6–9). In
“empty” lanes. This control excludes the possibility of nonspecific the control (lanes 1 and 2), we used RNAP without any
binding to the beads. Where indicated, RNAP core (2 pmol) and his-tag. Non his-tagged EC was quantitatively washed
DNA (10 pmol) were added to EC32 for 10 min prior to the addition away with TB, thus excluding the possibility of nonspe-of B-oligo. The procedure shown in (A) was also performed in the
cific binding to the beads. These results together withabsence of ribonucleotides (NTP) (lane 10) or with pure 70 instead
those of Figure 1 demonstrate that a similar quantity ofof the holoenzyme (lane 11). Percentage of 70 in EC32 (lanes 2, 5,
and 8) compared to pure input holoenzymes (Holo) is indicated at EC-70 can be recovered through two completely differ-
the bottom (lanes 1, 4, and 7). ent affinity-purification procedures.
(D) Summary data for 70 release obtained from three Western blot- As Figure 3B shows, bead-bound EC-70his could be
ting experiments, conducted with six independent holoenzyme walked (without dissociation) along three templates,preparations (three from stationary phase and three from the expo-
containing different promoters and initial transcribednential phase).
regions, for various distances from the start site, indi-
cating that EC-70 is not a promoter-specific complex.
Noticeably, in each case, EC-70 was susceptible toa single position of nascent RNA (Nudler et al., 1998).
For this analysis, schematically shown in Figure 2A, we modification with NusA, as is evident from increased
termination at the tR2 intrinsic terminator (Figure 3B,used RNAP immobilized onto Ni2 agarose beads via
70 in Transcription Elongation
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Figure 2. 70-RNA Contacts in Elongation
(A) Protein-RNA cross-linking in EC. Sche-
matic on the top depicts EC20 carrying
[32P]RNA, which is immobilized on Ni2 beads
via his-tagged  subunit. Cross-linkable
5-(p-azidotetrafluoro)-benzamino-allil-UTP
(AzU) or 4-thio-UTP (sU) were incorporated
at position 21 and EC was walked to 30,
38, 43, 50, 54, and 61 such that AzU
appeared 9, 17, 22, 29, 33, and 41 nt upstream
of the RNA 3 terminus. At each position,
cross-linking was photo-activated with UV
light. Autoradiograms show protein-RNA
cross-linking products from each EC walking
step (30, 38, and 43 [left panel], and
43, 50, 54, and 61 [right panel]). “nt”
indicates the distance of cross-linker from the
3 end of nascent RNA. RNA products from
upper right panel are resolved on high per-
centage urea PAGE (lower panel). CpApUpC
serves as a marker for shorter RNA products.
(B) Mapping of RNA cross-links by single-hit
cleavage at Met residues. The autoradiogram
of a gradient (7% to 14%; 20 cm) SDS-PAGE
shows products of 5 min partial degradation
of the “70” species from the upper left panel
with CNBr. Numbers indicate Met positions in
70. As a reference marker, CNBr degradation
products of the  subunit labeled near Met1234
are shown in lane 4. Numbers on the right
and left indicate the size of the fragment in
amino acids (aa).
lanes 6 and 12). NusA did not displace 70 from EC-70 reside at 21, 27, and 32. Due to the stagger of the
EcoRI site, the cross-linking reagent would be presentas its presence during each of the walking steps did not
cause dissociation of the complex from the beads. This at 11, 17, 23; or 19, 25, 31; or 23, 29,
35 on templates a, b, and c, respectively. After UVresult demonstrates that 70 is not required to release
from EC-70 for NusA to perform its function. irradiation, complexes in solution and their washed
bead-bound counterparts were subjected to SDS PAGEIt is appropriate to note that experiments presented
in Figure 3B lasted on the order of 60 min, i.e., far greater to separate derivatized protein subunits (Figure 4B).
This approach was designed to deliver a dynamictime than required to complete transcription of any bac-
terial gene. The complete absence of 70 release during picture of RNA contacts in EC as it advances along DNA.
As expected, EC-70 displayed a greater amount of 70this time indicates that the same fraction of EC-70 that
started transcription should be expected at the end of cross-linking when compared with both the total popula-
tion in solution and his complexes. A fraction of ECa gene.
Since 70 is likely to be close to the RNA binding immobilized via  still has EC-70 (lane 4), but it is not
enriched for these complexes and thus only minor cross-channel in RNAP (Figure 2), it was interesting to compare
the RNA trajectory in EC-70 with that of the “normal” linking is observed. Notably, the distribution of cross-
links to RNAP subunits in EC-70 differs greatly from thatEC. For this purpose, three templates were constructed
(Figure 4A) containing a T7A1 promoter and the site for of the total population. In particular, there is a much
greater reactivity with the  subunit, indicating that 70the restriction endonuclease EcoRI located at varying
distances from the start of transcription. After generat- alters the RNA trajectory when present in EC. Since UV
irradiation in this experiment was performed before theing initial radiolabeled EC20 on each of these templates
in solution with either 70his holoenzyme or his holoen- complexes were immobilized on Ni2 beads, it excludes
any putative artifacts imposed by a solid support thatzyme, the EcoRQ111 roadblock (Pavco and Steege,
1990; Nudler et al., 1995) was added to the reaction could interfere with cross-linking results. We stress that
the cross-links that are localized to 70 and other sub-(Figure 4A). A chase-reaction mix containing AzUTP in-
stead of UTP was used to get ECs to the roadblock. units in both EC-70 and those of the total population
must not be judged based on absolute quantity for twoComplexes, still in solution, were then irradiated with
UV light and divided such that a fraction was applied reasons: (1) the solution fraction and washed beads-
bound fraction can not be equilibrated by total radioac-to Ni2 beads and washed while the rest remained in
solution. The three positions for AzUTP incorporation tivity; and (2) the absolute efficiency of cross-linking
Cell
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Figure 3. Isolation and Characterization of
EC-70
(A) Autoradiogram demonstrates [32P]RNA
products isolated from EC20 formed with dif-
ferent RNAP holoenzymes. Lanes 1 and 2 rep-
resent EC20 formed with the non-his-tagged
holoenzyme before or after it was applied to
Ni2 beads and washed with TB. Lanes 3 and
4 represent EC20 formed with the C-terminal
his-tagged  holoenzyme (his) before or
after it was applied to Ni2 beads and washed
with TB. The rest of the autoradiogram shows
EC20 formed with the N-terminal his-tagged
70 holoenzyme (70his) (lanes 5–10). Lanes 5,
9, and 10 represent EC20-70his before or after
it was applied to Ni2 beads and washed with
TB or 200 mM KCl. A1 promoter DNA (10
pmol, lane 6), NusA (100 nM, lane 7), or RNAP
core (2 pmol, lane 8) were added prior to
EC20-70his was immobilized onto Ni2 beads
and washed with TB. The relative recovery of
RNA in % is shown at the bottom.
(B) Walking with immobilized EC-70. The ini-
tial stalled EC-70his was prepared at three dif-
ferent templates containing the gal P1 pro-
moter (left panel), rrnB1 P1 (center panel), and
T7A1 (right panel). Each template has the tR2
terminator near the 3 end. Autoradiograms
show [32P]RNA isolated from the immobilized
EC-70his that was walked four steps in TB to
the positions indicated at the bottom of each
panel (lanes 1–4, 7–10, or 13–16) or chased
with all four NTPs in the absence (lanes 5, 11,
and 17) or presence (lanes 6, 12, and 18) of
30 nM NusA. “tR2” stands for termination
products.
depends on the proximity and specificity of the reagent assessed to determine the efficiency of multiround tran-
scription (Figure 5B). Single-round transcripts were gen-to an electrophile and may also be influenced by
changes in RNA secondary structure. The existence of erated by adding rifampicin, the inhibitor of initiation,
to an aliquot of EC20 and EC20-70 prior to the chasemore than one band on SDS PAGE corresponding to
the derivatized  subunit reflects the multiple cross- reaction. The intensity of each termination product was
then valued relative to the corresponding rifampicin timelinking sites. We have previously shown that if the RNA
probe is long (15 nt), the mobility of derivatized sub- point (single round) and plotted (Figure 5B). The T7A1
template displayed more than a 5-fold increase inunits (including  and ) depends on what site within
the subunit was targeted by the cross-linker (Nudler et multiround transcription performed by EC-70 relative to
the total population. The gal P1 promoter displayedal., 1998; Gusarov and Nudler, 1999).
about a 2-fold increase and the rrnB P1 did not show
any increase. If 70 or 32 were added in excess toBifurcation of the Transcription Cycle
EC20-70 prior to the chase reaction, they had no effectTaking advantage of the aforementioned methods that
on the rate of multiround transcription (data not shown).separate two populations of RNAP, we next attempted
These results confirm that 70, if retained, stays with ECto uncover functional differences between them. We
for the entire transcription cycle. Importantly, the resultsreasoned that complexes that retained 70 in elongation
indicate that EC-70 has a significant advantage in thewould not require the  reassociation step after termina-
multiround transcription over the “normal” holoenzymetion and might have an increased ability to initiate multi-
at certain promoters. Strength of such promoters seemsple rounds of transcription in a situation when  binding
to be limited by the rate constant for sigma binding tois a rate-limiting step. Three templates, which differed
the RNAP core (Figure 5C).only in their promoter sequences, and the 70his holoen-
zyme were used to form EC20 in solution. EC20-70 was
separated from the total population through Ni2 beads Discussion
as described above. The pure EC20-70 was then re-
moved from the solid support and multiple rounds of Several conclusions can be derived from the present
study: (1) a biochemically and functionally distinct popu-transcription were initiated by adding all four NTP sub-
strates to both EC20-70 and the total population of lation of RNAP can be isolated that retains 70 through-
out the entire transcription cycle (EC-70); (2) EC-70 rep-EC20 in solution. The reactions were quenched at 5 min
intervals and levels of tR2 termination products were resents a fraction of the total population of RNA
70 in Transcription Elongation
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Relation to Previous Studies on 70 Release
We attribute the ability to detect 70 in elongation in the
present work to greater sensitivity of our assays and
more gentle conditions of EC purification than those
applied in previous studies (Hansen and McClure, 1980;
Shimamoto et al., 1986; Stackhouse et al., 1989; Krum-
mel and Chamberlin, 1989). In particular, we omitted
steps that include native PAGE or sucrose gradient sep-
arations, treatments with high ionic strength buffers,
EDTA, heparin, and low temperatures. While some may
argue that our in vitro conditions do not mimic the in
vivo situation, we highlight that the experiments that
founded the longstanding model of absolute sigma re-
lease did not either. Since the in vivo levels of K and
Glu vary widely in response to variations in external
osmotic conditions (Leirmo et al., 1987), our in vitro salt
conditions reside well within the physiological range.
Aside from our results, one other exception from the
classical-cycle model was recently described. Roberts
and coworkers have shown that 70 acts at an early
stage of elongation to induce a promoter proximal pause
at the pR promoter of bacteriophage 	 and related
phages (Ring et al., 1996). During this pause, EC gets
modified by 	Q protein and becomes resistant to termi-
nation signals. Retention of 70 in the 	 case is deter-
mined by the promoter proximal sequence of pR and
depends on the distance from the promoter (Ring et al.,
1996). Noticeably, upon removal of the pause-inducing
sequence, the authors observed a decrease, but not
a complete disappearance, of 70 from EC. This was
attributed to a nonspecific interaction of the protein with
the beads but it is entirely possible that the fraction of
70 that remained was the same fraction that we charac-
terize in this report. While no other roles for  in elonga-
tion have been described, there was one report (Osumi-
Davis et al., 1987) detecting 70 in EC initiated on M13
phage DNA. Additionally, experiments employing fluo-
Figure 4. RNA Trajectory in EC and EC-70 rescence resonance energy transfer (FRET) were re-
(A) Schematic of three T7A1 promoter templates (a, b, and c) with cently utilized to independently confirm the presence of
varying distances between the EcoRI restriction endonuclease site s70 during the transition from initiation to elongation at
and the start of transcription. the lacUV5 promoter (Mukhopadhyay et al., 2001 [this
(B) Experimental design. The mutant EcoRI protein, EcoRQ111, was
issue of Cell]). The higher proportion of EC-70 observedused as a roadblock to stall EC at three different positions deter-
in that study may be attributed to the absence of anymined by each template. The initial EC20 carrying [32P]RNA was
separative steps, e.g., solid-phase immobilization andformed with his-tagged 70 or his-tagged  holoenzymes and
chased to the roadblock in TB in the presence 150 
M ATP, 150 washing. On the other hand, much of the FRET analyses

M CTP, 150 
M GTP, and 20 
M AzUTP. After induction of cross- were performed in a gel matrix instead of solution and
linking with UV, each reaction was split with one fraction remaining utilized a holoenzyme reconstituted from the pure core
in solution while the other was applied to Ni2 beads to purify EC- and chemically modified 70 instead of the intact holo-
70. The washed immobilized fractions and solution fractions were
enzyme isolated from cells. These and other technicalthen denatured and loaded on SDS PAGE (4%–12%).
differences could also contribute to quantitative varia-(C) The autoradiogram of , , 70, and  subunits labeled by RNA
tions between our study and that of Mukhopadhyay andcross-linking. “Solution” stands for the total populations of EC in
the solution fractions (lanes 1–6) and “Ni-beads” stands for the coworkers.
washed immobilized fractions (lanes 7–12). “70his” stands for the It should also be noted that RNA cross-linking to 70
holoenzyme carrying his-tagged 70 and “his” stands for the holoen- has been observed previously (Liu et al., 1996; Liu and
zyme carrying his-tagged . Hanna, 1995). The authors attributed those cross-links
to some nonspecific ternary complexes, which they ob-
served stalled close to the 1 site. In light of the cross-
polymerase molecules whose ratio appears to vary with linking results that occur from pure, mature ECs pre-
the cellular growth phase; (3) EC-70 has a substantially sented in this study (Figures 2 and 4), it is possible that
higher ability to support multiple rounds of transcription the origin of previously observed cross-links is the same,
at certain promoters; (4) The presence of 70 in elonga- i.e., from specific EC stalled at various distances from
tion does not depend on the promoter sequence or the the promoter.
initial transcribed sequence; and (5) NusA and 70 do With respect to RNA cross-linking, the increased ac-
cessibility of RNA to the  subunit induced by 70 reten-not exchange in EC-70 for NusA to perform its function.
Cell
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Figure 5. Multiround Transcription by EC-70
(A) The assay. The initial ECs were formed
with the his-tagged 70 holoenzyme on tem-
plates with three different promoters (T7A1,
gal P1, rrnB P1), but identical transcribed re-
gions. In each case, one fraction was applied
to Ni2 beads (for purification of EC-70) and
the other remained in solution (the total popu-
lation). Immobilized EC-70his was washed
with TB, released from beads with imidazole,
and diluted in TB. Multiple rounds of tran-
scription were initiated in the EC-70 fraction
and total population by adding the 10
“multiround mix” (150 
M CpApUpC, 10 mM
ATP, 7.5 mM GTP, 1.75 mM UTP, 300 
M
CTP, 1 
M [32P]CTP, 2 pmol DNA, and RNase
inhibitor) and 30 nM NusA. Aliquots were
taken at 5 min intervals. Where indicated, ri-
fampicin (Rif, 5 
g/ml) was added prior to the
multiround mix to limit the reaction to a single
round (single).
(B) Autoradiograms show RNA termination
products of the total EC population (upper
panels) and EC-70 (lower panels). Radioac-
tive bands were quantitated and normalized
to the 20 min single round (Rif) product in
each respective experiment and relative in-
tensities within each pair were plotted.
(C) Bifurcation of the transcription cycle. Two
populations of RNA polymerases (R) are in-
volved in transcription in E. coli, one that re-
leases 70 in elongation (:R) and one which
does not (:R’). Pc corresponds to the closed
promoter complex, Po—the open complex,
and kf—the rate constant of the reaction. Pro-
moters for which kRf is rate limiting (e.g., A1)
would have a higher rate of initiation with :R
than :R due to faster recycling.
tion is intriguing (Figure 4C). Different RNA trajectory or limiting for many promoters in vivo. Indeed, current esti-
mates have defined the rate constant for sigma bindingconformation of the RNAP core in EC-70 may potentially
affect the elongation, termination, or antitermination to the RNAP core (kRf ) at 3 · 106 M1 s1 (Wu et al.,
1976). kRPcf for association of the holoenzyme withproperties of EC-70. Although we did not observe a
significant difference between EC and EC-70 in tR2 in- strong promoters is 2 · 108 M1 s1 (Gill et al., 1991;
Brunner and Bujard, 1987; Rao et al., 1994) and valuestrinsic termination and specific trp leader pausing in
vitro (data not shown), it does not rule out a possibility of kRPof for the isomerization step range from 101 to
103 s1 in vitro (Gill et al., 1991). Since kRPcf kRf , thethat two species of complexes differ in other elongation/
termination control mechanisms. binding of 70 to the core is rate limiting in relation to
the closed complex formation. The kinetics of70 bindingWith regard to the nature of 70 contacts in EC, it is
possible that posttranslational modification(s) of RNAP to the core is biphasic with the second rate constant
2.4 · 101 s1 (Wu et al., 1976). This value is within thethat is predominant in stationary phase (e.g., association
with 6S RNA [Wassarman and Storz, 2000] or polyphos- range of kRPof , suggesting that 70 binding is also rate
limiting in relation to the isomerization step for manyphate [Kusano and Ishihama, 1997]) may be responsible
for retention of 70 in elongation. These aspects are promoters.
These estimates are in line with our observations andtopics for further investigation.
support the model in which the sigma association can
be rate limiting for certain promoters. Such promotersPhysiological Role of Partial 70 Retention
Presence of 70 in elongation eliminates one important should selectively benefit from EC-70 in multiround tran-
scription (Figures 5B and 5C). In vivo, the presence ofstep of the transcription cycle, i.e., reformation of the
initiation-competent holoenzyme. This step may be rate activators, DNA superhelicity, and other factors is ex-
70 in Transcription Elongation
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T for G changes at 21 and 27. These substitutions permit thepected to increase the rates of individual initiation steps
generation of EC32 in a single step in solution. The biotinylated DNA(i.e., promoter binding, isomerization, and promoter
oligo (5-GTCCCTCTCGATGCTCTCTCAAGCTTTCTCTC-biotin-3)clearance) making the potential impact of EC-70 on
was obtained from Operon Technologies Inc. and gel purified.
gene expression more general and pronounced. Thus, Cross-linking experiments (Figure 2) were carried out on the original
even though EC-70 species represent a minority, their T7A1tR2. The initial transcribed sequence of the gal P1 template is:
1AUACCACAAGCCGAAU16; rrnB1 P1 template: 1ACTGAhigher activity may end up accounting for much of tran-
CACGGAACAACGGCAAACACGCCGCCGGGU34. Templates fromscription in the exponential phase or even most of
the walking experiments were generated by fusing the tR2 termina-70-directed transcription in the stationary phase. For
tor to either the gal P1 or rrnB1 P1 promoter and initial transcribedexample, the T7A1 promoter is 5 times more active
sequence using the adaptor oligos and PCR. Templates a, b, and
with EC-70 than with the sigma-releasing population, c were engineered by PCR-mediated mutagenesis from the original
meaning that during exponential phase of growth, when T7A1 template (Nudler et al., 1998). Either 2, 6, or 8 GC repeats were
inserted after the 40 position before the EcoRI site. TemplatesEC-70 represents only 7% of the total population of
used in multiround transcription assays were derivatives of T7A1tR2EC, it is expected to account for (5  7) 35% of total
in which adaptor oligos were used to fuse gal P1 or rrnB1 P1 pro-transcription from this promoter. In the stationary phase,
moter sequences with the transcribed sequence of T7A1tR2.when EC-70 represents 33% of the total population,
this level can be close to 100%.
Purification of ECThe growth-phase-dependent changes in the amount
Holoenzyme from its respective growth phase (2 pmol) was incu-
of EC-70 lead to a tempting speculation. We propose bated at 37C for 5 min in TB50 (50 mM KGlu, 25 mM HEPES [pH
that a significant increase in the proportion of EC-70 in 8.0], 10 mM MgGlu, and 0.1mg/ml BSA). T7A132tR2 (20 pmol) was
added and open promoter complexes were allowed to form for 10stationary phase occurs to secure the minimally required
min at 37C. 10 start mix (150 
M CpApUpC, 250 
M GTP, andlevel of housekeeping genes transcription under the
250 
M ATP) and 0.5 
l of [-32P]CTP (3000 Ci/mmol; NEN Lifegrowing competition from other sigma factors and the
Science Products) were added at 37C for 7 min. The reaction wasanti-70 factor Rsd (Jishage and Ishihama, 1998; Maeda
then transferred to room temperature and CTP (5 
M) was added
et al., 2000; Hengge-Aronis, 1999). This is consistent for 4 min. The complementary 3-biotinylated DNA oligo (B-oligo,
with the observation that neither the excess of RNAP 1.5 pmol/ 
l) was allowed to anneal to the transcript of EC32 in
solution for 2 min at 37C. Avidin beads (2 
l; Pierce) were addedcore nor other sigma factors (S,32) cause the disruption
to the reaction for 10 min followed by multiple washing with TB (150of EC-70 (Figures 1 and 2 and data not shown). At the
mM KGlu, 25 mM HEPES [pH 8.0], 10 mM MgGlu, and 0.1mg/mlsame time, during stationary phase or starvation, rRNA
BSA). Treatments of the EC with DNA (10 pmol) or RNAP coreand tRNA genes are not expected to benefit from the
(2 pmol) were done for 10 min prior to the first washing step. The
EC-70 population, since the open complex formation is control reaction without NTP was processed in an identical manner
likely to be the rate limiting step for them (Gourse et al., (Figure 1C, lane 10). After washing, EC32 was equilibrated to 25 
l
with TB and treated with ribonucelase A (RNase; 120 ng/
l; Sigma)1998). Indeed, among the several promoters tested, only
for 10 min at 37C. Supernatants were loaded onto a 4%–12% SDSrrnB P1 did not show any increase in multiround tran-
PAGE (Novex). The gel was transferred onto nitrocellulose and anti-scription by the EC-70 population. Such a mechanism
bodies against , , and 70 were employed. A series of 2-fold dilu-may contribute to the growth-rate-dependent control of
tions of the pure holoenzyme was used to generate a standard curve
stable RNA genes in E. coli. of antibody staining for each subunit. Bands were quantitated using
In light of the strong similarities in structure/functional the MultiAnalyst software (BioRad). An alternate affinity purification
of RNAP based on the IMPACT system (New England Biolabs)organization of prokaryotic and eukaryotic EC (Nudler,
yielded consistent results with respect to 70 release in elongation1999; Korzheva et al., 2000; Ebright, 2000; Gnatt et al.,
(data not shown). The purification scheme will be reported else-2001), sensitive and quantitative approaches similar to
where.those developed in this study might be useful in as-
sessing the presence of initiation factors in EC formed
Cross-Linking in ECby eukaryotic RNA polymerases.
EC20 was formed with holoenzyme from RL721 on T7A1tR2 with a
start mix and immobilized on Ni2 beads via his-tagged  subunit
in TB50Cl (50 mM KCl, 25 mM Tris [pH 7.9], 10 mM MgCl, and 0.1mg/Experimental Procedures
ml BSA). Complexes were washed and walked in TB200Cl (200 mM
KCl, 25 mM Tris [pH 7.9], 10 mM MgCl, and 0.1 mg/ml BSA). Cross-Proteins and DNA
All holoenzymes were purified as described (Nudler et al., 1996). linkable AzU or sU (10 
M) was incorporated at position 21 and
EC was walked to the label incorporation step either to 30 or 43.Those obtained from early exponential phase culture (OD600  0.2)
or overnight culture (OD600  1.2) were from strain RL721 carrying This was done by adding 0.5 
l of [32P]CTP (3000 Ci/mmol; NEN
Life Science Products) along with other cold NTPs for 5 min, anda chromosomal copy of his-tagged  (provided by R. Landick,
University of Wisconsin, Madison). Cultures were grown at 37C then adding CTP (5 
M) for an additional 5 min. Complexes were
then walked to the indicated positions (Figure 2). At each position,with aeration in Luria Bertani broth (Fisher) until the desired optical
density and then harvested. pET15rpoD, the plasmid producing the cross-linking was induced by UV irradiation at 254 nm for 2 min at
25C (AzU probes) or 365 nm for 30 min at 15C (sU probes) with aNH2-terminal his-tag 70, was provided by K. Severinov (Rut-
gers University). NH2-terminal his-tag 70 was overexpressed in UV hand lamp UVGL-25 (Ultraviolet Products) placed on the top of
an Eppendorf tube. Reaction products were then run on either 4%BL21(DE3) as outlined by the manufacturer for pET15 (Novagen).
Holoenzymes from these cells and from cells lacking a his-tag RNAP SDS PAGE or 4%–12% Bis-Tris SDS PAGE. Subunits carrying radio-
active RNA were excised from the gel and eluted by 3 vol of 0.2%(strain BL21) were purified as in Nudler et al. (1996). Antibodies and
the specifications for their use were from R. Burgess (University of SDS at 37C for 1 hr. Eluates were freeze-dried with a SpeedVac
and redissolved in water and 1% SDS. Protein degradation reactionsWisconsin, Madison). NusA was a gift from Asis Das (University of
Connecticut Health Center). EcoRQ111 was a gift from P. Modrich with CNBr were performed as in Nudler et al., 1998.
In the experiment of Figure 4, 70his and his holoenzymes were(Duke University Medical Center).
All templates were obtained by polymerase chain reaction (PCR) used to form initial EC20 carrying [32P]RNA as described above.
EcoRQ111 (1.6 pmol) was added to ECs for 3 prior to the chasefrom corresponding plasmids. Template for the EC purification reac-
tion (T7A132tR2) was the T7A1tR2 (Gusarov and Nudler, 1999) with reaction with 150 
M ATP, 150 
M CTP, 150 
M GTP, and 20
Cell
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M AzUTP for 2 min at 25C. After cross-linking was activated (as sigma 70 and NusA proteins. I. Binding interactions with core RNA
polymerase in solution and within the transcription complex. J. Mol.described above), each reaction was split with one fraction re-
maining in solution while the other was applied to Ni2 beads. The Biol. 220, 307–324.
immobilized complexes were washed with TB several times and Gnatt, A.L., Cramer, P., Fu, J., Bushnell, D.A., and Kornberg, R.D.
both the immobilized fractions and solution fractions were dena- (2001). Structural Basis of Transcription. An RNA Polymerase II Elon-
tured and loaded on 4%–12% SDS PAGE. gation Complex at 3, 3.
Gourse, R.L., Gaal, T., Aiyar, S.E., Barker, M.M., Estrem, S.T., Hirvo-
EC-70 Isolation
nen, C.A., and Ross, W. (1998). Strength and regulation without
70his holoenzyme was used to generate radiolabeled EC20 in TB50
transcription factors: lessons from bacterial rRNA promoters. Cold
on T7A1tR2 by incubation with start mix and [32P]CTP. One-tenth
Spring Harb. Symp. Quant. Biol. 63, 131–139.
of EC20 was quenched with stop solution (20 mM EDTA, 12 M
Greenblatt, J., and Li, J. (1981). Interaction of the sigma factor andurea and BPB). Equal aliquots of the rest of EC20 in solution were
the nusA gene protein of E. coli with RNA polymerase in the initiation-challenged with 10 pmol DNA, 2 pmol RNAP core, NusA (100 nM),
termination cycle of transcription. Cell 24, 421–428.or 200 mM KCl for 10 min at 25C and then loaded on Ni2 beads.
Complexes were then washed with TB four times and equilibrated Gross, C.A., Chan, C., Dombroski, A., Gruber, T., Sharp, M., Tupy,
by volume. Challenged and unchallenged fractions were loaded J., and Young, B. (1998). The functional and regulatory roles of sigma
onto 12% PAGE. Quantitation was performed using Multi-analyst factors in transcription. Cold Spring Harb. Symp. Quant. Biol. 63,
software (BioRad). 141–155.
The 70his holoenzyme was used to generate initial stalled EC on Gross, C.A., Lonetto, M., and Losick, R. (1992). Transcriptional Regu-
templates containing the gal P1, rrnB1 P1, and T7A1 promoters. lation. K. R. Yamamoto, S.L. McKnight, eds. (Cold Spring Harbor
The label was incorporated in the initial walking step on the T7A1 Laboratory Press), p. 129.
promoter and in the second steps in both the gal P1 and the rrnB1
Gusarov, I., and Nudler, E. (1999). The mechanism of intrinsic tran-P1 templates. In each case, the initial EC immobilized on Ni2 beads
scription termination. Mol. Cell 3, 495–504.was walked in the presence of NusA (30 nM) four steps to the
Hansen, U.M., and McClure, W.R. (1980). Role of the sigma subunitpositions indicated at the bottom of each panel or chased with all
of Escherichia coli RNA polymerase in initiation. II. Release of sigmafour NTP (1 mM, 4 min) in the presence or absence of NusA.
from ternary complexes. J. Biol. Chem. 255, 9564–9670.
Multiround Assay Helmann, J.D., and Chamberlin, M.J. (1988). Structure and function
Nonradiolabeled EC formed with the 70his holoenzyme (as described of bacterial sigma factors. Annu. Rev. Biochem. 57, 839–872.
above) on templates with three different promoters (T7A1, gal P1, Hengge-Aronis, R. (1999). Interplay of global regulators and cell
and rrnB P1), but identical transcribed regions were split with one physiology in the general stress response of Escherichia coli. Curr
fraction applied to Ni2 beads and the other remaining in solution. Opin Microbiol 2, 148–151.
Immobilized EC-70 was washed with TB and released from beads
Jishage, M., and Ishihama, A. (1998). A stationary phase protein inwith imidazole (100 mM, 10 min, 25C) followed by TB dilution to
Escherichia coli with binding activity to the major sigma subunit ofthe final imidazole concentration of 10 mM. The same imidazole
RNA polymerase. Proc. Natl. Acad. Sci. USA 95, 4953–4958.addition and dilution were performed on “solution” (total population)
Korzheva, N., Mustaev, A., Kozlov, M., Malhotra, A., Nikiforov, V.,fractions. Multiple rounds of transcription were initiated in the EC-70
Goldfarb, A., and Darst, S.A. (2000). A structural model of transcrip-fraction and total population by adding the 10 “multiround mix”
tion elongation. Science 289, 619–625.(150 
M CpApUpC, 10 mM ATP, 7.5 mM GTP, 1.75 mM UTP, 300

M CTP, 1 
M [32P]CTP, 2 pmol DNA, 5 units RNase inhibitor Krummel, B., and Chamberlin, M.J. (1989). RNA chain initiation by
[SupeRNase, Ambion]), and 30 nM NusA. Aliquots were taken at 5 Escherichia coli RNA polymerase. Structural transitions of the en-
min intervals, mixed with 2 vol of the loading mix (20 mM EDTA, 12 zyme in early ternary complexes. Biochemistry 28, 7829–7842.
M urea and BPB), then heated at 80C for 1 min in water bath prior
Kusano, S., and Ishihama, A. (1997). Functional interaction of Esche-
to loading onto 12% PAGE (19:1 acrylamide:bisacrilamide, 7M urea,
richia coli RNA polymerase with inorganic polyphosphate. Genes to
0.5 TBE). Where indicated, rifampicin (5 
g/ml) was added prior
Cells 2, 433–441.
to the multiround mix. Radioactive bands corresponding to tR2 ter-
Leirmo, S., Harrison, C., Cayley, D.S., Burgess, R.R., and Record,mination products were normalized to the 20 min single round (rifam-
M.T. (1987). Replacement of potassium chloride by potassium gluta-picin) reaction in each respective experiment and the relative inten-
mate dramatically enhances protein-DNA interactions in vitro. Bio-sity for each time point was plotted as a function of time.
chemistry 26, 2095–2101.
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